Humidity-independent conducting polyaniline films synthesized using advanced atmospheric pressure plasma polymerization with in-situ iodine doping
Choon-Sang Park, 1,a) Do Yeob Kim, 2,a) Dong Ha Kim, 1 Hyung-Kun Lee, 2 Bhum Jae Shin, 3 and Heung-Sik Tae This study reports on the synthesis and characterization of conducting polyaniline (PANI) thin films when using advanced atmospheric pressure plasma jets (APPJs). A simple method for synthesizing conducting polymers (CPs) with humidity-independent characteristics is introduced using advanced APPJs and an in-situ iodine doping method. In the case of ex-situ I 2 doping, a humidity effect study showed that increasing the relative humidity produced significant changes in the electrical resistance (R) of the PANI, indicating strong humidity-dependent characteristics similar to conventional CPs. In contrast, in the case of in-situ I 2 doping, the R and sensitivity of the PANI remained essentially unchanged when increasing the relative humidity, except for a very low sensitivity of 0.5% under 94% relative humidity. In addition, the R for the PANI with in-situ I 2 doping showed no aging effect, while the R for the ex-situ-doped PANI increased dramatically over time. Thus, it is anticipated that the use of in-situ doping during plasma polymerization can be widely used to design stable and high-performance CPs with humidity-independent characteristics for a variety of applications. Published by AIP Publishing. The last fifty years have witnessed many significant advances and changes in the synthesis and characterization of conducting polymers (CPs). [1] [2] [3] Conventionally, CPs have been synthesized via chemical, electrochemical, or photoinduced polymerization.
1,4-7 However, plasma polymerization using atmospheric pressure plasma (APP) has recently been established as a simple and important method for synthesizing CPs. [8] [9] [10] [11] [12] [13] As previously reported, since the chemical structures of APP-polymerized CPs can be controlled by the plasma conditions, [13] [14] [15] [16] the characterization of the resulting CPs includes good adherence, high quality, pinhole-free, low resistance, and high crosslinking via dry and low temperature processes. [8] [9] [10] [11] [12] [13] Among CPs, polyaniline (PANI) has attracted particular interest due to its good electrical conductivity, low cost, and good environmental stability. 2, 17 PANI is also unique among the electrical CPs as its electrical properties can be reversibly controlled by changing the oxidation state of the main chain and via the protonation of the amine nitrogen chain. 2, [18] [19] [20] [21] While the structures and humidity dependence of chemically, photo-, or electrochemically synthesized PANI with a proton donor such as HCl and iodine (I 2 ) have already been extensively reported, [22] [23] [24] [25] the structures and humidity dependence of APP-polymerized PANI remain unclear. Most previous studies have focused on the electrical conductivity, chemical structure, and morphology of APP-polymerized PANI thin films with ex-situ HCl or I 2 doping. [26] [27] [28] [29] However, more importantly, the conductivity of conventional CPs is significantly affected by the ambient humidity, which restricts their application, for example, in flexible display technologies and gas sensors. 25, [29] [30] [31] Therefore, it is important to synthesize the high-density CPs with humidityindependent properties as conductive layers for future display technologies, gas sensors, molecular electronics, optoelectronics, and bio-nanotechnology applications. Until now, there has been no report on a conductive polymer synthesized using APP polymerization techniques at roomtemperature that is independent of the ambient humidity.
The current authors recently reported on an APP method for the synthesis of CPs, where the resulting plasmapolymerized PANI and polypyrrole (PPy) nanofibers showed high molecular weights and single-crystalline characteristics. 8, 9 Accordingly, this letter introduces the synthesis of high-density PANI thin films with humidity-independent conductivity via an advanced APP polymerization technique using in-situ I 2 doping at room-temperature. In particular, the variation in resistance of the ex-situ or in-situ I 2 -doped PANI is examined under various humidity conditions and ambient air to check the suitability of the conductive layers for applications in future display and gas sensor technologies. The experimental results confirmed that PANI thin films with humidity-independent conductivity were obtained when using intense and broad APP polymerization with insitu I 2 doping. The APP polymerization device employed in this research is described in detail in Ref. 8 , except for the I 2 doping method. In this study, for the ex-situ I 2 doping, the PANI film samples were placed in a sealed container Author to whom correspondence should be addressed. Electronic mail: hstae@ee.knu.ac.kr.
containing solid I 2 (1 g) after the deposition process, whereas for the in-situ I 2 doping, solid I 2 was vaporized by argon (Ar) gas at a flow rate of 16 standard cubic centimeters per minute (sccm) during the deposition process and vaporization of the aniline monomer solution.
As shown in Fig. 1(a) , the conventional APP polymerization device also included a cylindrical plastic tube and an insulating substrate holder to minimize the quenching from the ambient air and increase the plasma energy and density in the nucleation region. 8 However, in the case of the in-situ I 2 doping with advanced APP polymerization, more intense and stronger plasma was produced throughout the nucleation region, even though the applied voltages and total current were the same as those for the ex-situ I 2 doping, as shown in Fig. 1(b) . This inferred that the advanced APP polymerization device using in-situ I 2 doping played an important role in minimizing the impurities for producing intense plasma as the vaporized active iodine easily absorbed various positive carriers, such as
, from the ambient air, 32 resulting in an Ardominant gas condition in the nucleation region shielding the plasma generation region. In addition, in the case of the in-situ I 2 doping with advanced APP polymerization, the color of the plasma was brighter in the nucleation region, indicating that the vaporized iodine participated in the polymerization process. Figure 1(c) shows the emission spectra intensities measured in the nucleation region for analyzing the intensity of the reactive nitrogen, oxygen (OH radicals), Ar, and carbonaceous species, which then allowed the plasma energy state to be estimated using an optical emission spectrometer (OES). As shown in Fig. 1(c) , in the case of in-situ I 2 doping, the intensity of the OH radical (308 nm) peak was significantly increased in the nucleation region during the nucleation process of the aniline monomer due to the absorption of
in the ambient air via the active iodine. This means that the plasma state and fragmentation of the aniline monomer was affected by the in-situ I 2 doping during the APP polymerization. FIG. 1. (a) Images of plasma, (b) applied voltage, total current, and optical intensity, and (c) emission spectra intensities measured using optical emission spectrometer (OES) in nucleation region when applying advanced atmospheric pressure plasma (APP) polymerization device with no iodine (Conv.) and with insitu iodine (I 2 ) doping technique.
The lack of any I 2 -related peaks in the OES data with the in-situ I 2 doping can be attributed to the low I 2 dose in the plasma nucleation region. Figure 2 shows the Fourier transform infrared spectroscopy (FTIR) spectra from the PANI thin films synthesized by the APP device using the ex-situ and in-situ I 2 doping techniques. As shown, the undoped PANI films exhibited an insulated state with an emeraldine base structure, were partially oxidized, and had a few N-H groups in the main chain. 8 An emeraldine base structure can be changed to an emeraldine salt with electrical conducting characteristics by removing an electron from the N-H group using an I 2 doping technique. In the case of the ex-situ I 2 doping, most of the spectra peaks were significantly diminished and became smooth, presumably due to the absorption of hydrogen in the PANI films via the iodine. However, in the case of the in-situ I 2 doping, the peak intensities were significantly increased at 3210 cm À1 (N-H stretching), 1652 cm À1 (deformation structure), and 1430 cm À1 (C-C stretching vibration), plus the sharp peaks at 891 cm À1 and 758 cm À1 were more intense in the in-situ I 2 -doped plasma-polymerized PANI. These peaks have been assigned to the absorption of 1,4 disubstitution in the benzene ring and related to a better electrical conductivity. 23, 29, 33 Therefore, the PANI synthesized by the advanced APP polymerization method using the in-situ I 2 doping technique apparently had a better electrical conductivity. Figure 3 shows the scanning electron microscopy (SEM) images with the molecular weight (M w ) of the undoped and I 2 -doped PANI thin films. The undoped PANI films consisted of nanoparticles and nanofibers with irregularly low crosslinked and highly porous networks. The diameters of the nanoparticles and nanofibers were about 8-10 nm and 10-20 nm, respectively. 8 After the ex-situ doping, all the nanoparticles vanished and aggregation was observed between adjacent nanofibers. However, in the case of the in-situ I 2 doping, the morphology of the PANI was unaffected by the I 2 doping. Noticeably, despite the same deposition time, much denser polymer networks were obtained using the in-situ I 2 doping method when compared to the undoped PANI. Moreover, as shown in Fig. 3 , gel permeation chromatography revealed that the in-situ I 2 -doped PANI thin films were of high quality with a high M w of about 580 kDa and an excellent polydispersity index (PDI) of about 1.0. Thus, it is anticipated that the highly porous and nanofibrous networks in the in-situ I 2 -doped PANI thin films can provide a unique advantage as active layers for application in gas sensors. Fourier transform infrared spectroscopy (FTIR) spectra of plasmapolymerized PANI thin films prepared using advanced APP polymerization device after 60-min deposition with no iodine, with 10-min ex-situ iodine doping after deposition, and with in-situ iodine doping during deposition.
FIG. 3.
Scanning electron microscopy (SEM) images with a molecular weight of plasma-polymerized PANI thin films prepared using advanced APP polymerization device after 20-min deposition with no iodine, with 5-min ex-situ iodine doping after deposition, and with in-situ iodine doping during deposition. Scale bar ¼ 1 lm.
electrical resistance, the PANI thin films were synthesized on substrates supplied with interdigitated Pt electrodes. The ex-situ I 2 doping was conducted for 5 min right after the deposition of the PANI thin films. The initial R of the undoped PANI thin films was over 2 Â 10 9 X (limit of instrument used). For the case of ex-situ I 2 doping, the initial R was still very high with a value of about 2.5 Â 10 7 X. However, this significantly decreased to about 1.6 Â 10 5 X when using the in-situ I 2 doping method with the advanced APP polymerization technique. This may have been related to the very dense PANI networks composed of nanoparticles and nanofibers, as shown in Fig. 3 . In the case of the ex-situ I 2 doping, when increasing the exposure time, the R linearly increased and finally reached the measurement limit of 2 Â 10 9 X after 50 min due to diffusion of the absorbed iodine out of the films. 29 Conversely, in the case of the insitu I 2 doping, the R barely changed and only increased from 1.6 Â 10 5 to 1.9 Â 10 5 X, even after 2 days of exposure to ambient air. This was because, in the case of the in-situ I 2 doping method, iodine (I 2 ), iodide (I À ), and polyiodides (I 3 À and I 5 À ) could directly participate in the formation of charge transfer complexes during the plasma polymerization, allowing them to be homogeneously distributed throughout the PANI networks. Thus, the advanced APP polymerization using the in-situ method facilitated the efficient and continuous provision of charge carriers in the conductive PANI films without any diffusion of the absorbed iodine from the films. Consequently, the resistance of the plasma-synthesized PANI using the advanced APP jets with the in-situ I 2 doping technique was much more stable under ambient conditions than the ex-situ I 2 -doped PANI.
Figure 4(b) shows the variation of the R and sensitivity 34, 35 of the in-situ I 2 -doped PANI thin films as a function of the relative humidity, where cases I and II correspond to Ar gas flow rates of 16 and 30 sccm for the vaporising iodine, repectively. As shown in Fig. 4(b) , the initial R was easily controlled using the flow rate of the carrier gas. In the case of the ex-situ I 2 doping, when increasing the relative humidity, the R changed significantly and showed strong humidity-dependent characteristics, similar to conventional polymer thin films [not shown here]. In contrast, with the insitu I 2 doping, the R and sensitivity remained essentially unchanged when increasing the relative humidity, except for a sensitivity of 0.5% under 94% relative humidity, meaning that the PANI thin films synthesized using the advanced APP polymerization with in-situ doping exhibited humidityindependent characteristics. While a complete understanding of the independent characteristics of the electrical R under ambient air or different humidity conditions could not be reached and requires further study, it was still attributed to the difference in the doping process between ex-situ and insitu doping. It is already known that the residual radicals in polymer networks can be oxidized in ambient air. That is, the reaction with iodine and the polymer oxidation process is competitive. Therefore, in the case of the ex-situ doping, some of the residual radicals in the polymer networks that formed C-I bonds upon ex-situ I 2 doping may have reacted with the atmospheric oxygen, thereby varying the electrical R depending on the ambient conditions. In contrast, in the case of the in-situ doping, the doping and polymerization processes occurred at the same time and formed homogeneous charge transfer complexes throughout the polymer networks, thereby reducing the possibility of oxidation upon exposure to the ambient air after polymerization. While oxidation inevitably occurred during the in-situ doping, it is supposed that the oxidation was also minimized due to the presence of the plastic tube and downward Ar flow of the plasma jet, which effectively blocked the introduction of oxygen from the ambient air.
In summary, the humidity-independence of the plasmasynthesized PANI thin films using advanced APP polymerization combined with an in-situ method was presumably related to the simultaneous formation of charge transfer FIG. 4 . (a) Changes in the resistance of plasma-polymerized PANI thin films: plasma-polymerized samples were treated with 5-min ex-situ iodine doping after deposition and in-situ iodine doping and then exposed to ambient air for various periods of time. (b) Variation of resistance and sensitivity with change in relative humidity (%) at an ambient temperature of 25 C prepared using advanced APP polymerization device after 30-min deposition using in-situ iodine doping technique during deposition. Cases I and II used 16 and 30 sccm Ar gas flow rates for vaporizing iodine, respectively. complexes during the nucleation of the monomer. The resistance remained stable under ambient air and various humidity conditions. Thus, it is anticipated that plasma-polymerized PANI thin films synthesized using the proposed advanced APP polymerization system can help to overcome the limitations of conventional polymerization systems. Furthermore, such PANI thin films with humidity-independent characteristics can provide a unique advantage as conductive layers for future gas sensors, display technologies, plasma thrusters, molecular electronics, optoelectronics, and bio-nanotechnology applications.
